gestational age at birth: ≤ 28 weeks (n=33), 29 -31 weeks (n=44), 32 -36 weeks (n=32) and 48 term (≥ 37 weeks (n=22)). Measures of glomerular and tubular function were assessed on 49 postnatal days 3-7, 14, 21 and 28. Glomerular and tubular function was significantly affected by 50 gestational age at birth, as well as postnatal age. By postnatal day 28, creatinine clearance 51 remained significantly lower among preterm neonates compared to term infants; however, 52 sodium excretion was not significantly different. Pathological proteinuria and high urinary NGAL 53 levels were observed in a number of neonates which may be indicative of renal injury; however, 54 there was no correlation between the two markers. Findings suggest that neonatal renal 55 function is predominantly influenced by renal maturity and there was high capacity for 56 postnatal tubular maturation among preterm neonates. There is insufficient evidence to 57 suggest that urinary NGAL is a useful marker of renal injury in the preterm neonate. 58
59

INTRODUCTION 60
Renal function in the preterm neonate is affected by renal immaturity and potential injury 61 during the early postnatal period. At the time when the majority of preterm infants are born, 62 renal development is still ongoing (48) and renal function is accordingly immature (15). Preterm 63 neonates have been shown to have a low glomerular filtration rate (GFR) compared to term 64 neonates, and the tubules excrete high amounts of sodium (2). Furthermore, compared to 65 babies born at term, preterm neonates may demonstrate a slower progression in renal 66 functional maturation after birth (5, 14) . Creatinine clearance (C Cr ) has been shown to be 67 positively correlated with both gestational age and postnatal age (2, 5, 7-9, 12, 14, 21, 39, 47, 68 51, 56) , while the fractional excretion of sodium (FE Na ) has been shown to be inversely 69 correlated with gestational age (12) and postnatal age (2, 12, 13, 39, 47) . 70
Only a few studies to date have investigated the occurrence of proteinuria following preterm 71 birth. Very low concentrations of both high molecular weight (HMW) and low molecular weight 72 (LMW) proteins are normally present in the urine, due to the function of the glomerular 73 filtration barrier and the reuptake of filtered proteins in the proximal tubule (28, 32) . A limited 74
number of previous studies have demonstrated a high variation in urine albumin levels 75 between individual preterm neonates (7, 10), with the highest levels exhibited by those with a 76 low gestational age at birth and those that are clinically unstable (3, 7, 10, 11, 52) . Urinary 77 levels of β2-microglobulin have also been shown to be significantly greater in the preterm 78 infant compared to term-born infants throughout the first month of life (2, 52, 53) , and they 79 decrease with increasing gestational and postnatal age (50). Proteinuria is known to be an 80 important indicator of renal injury; however, to date it remains unclear whether the increased 81 urinary protein levels reported in preterm neonates are associated with renal immaturity 82 and/or acute renal injury. 83
The preterm kidney is highly susceptible to injury in the neonatal period; acute kidney injury 84 (AKI) is reported to occur in 8% to 24% of preterm neonates admitted to the neonatal intensive 85 care unit (19, 44) and is primarily pre-renal in origin (6, 44) . In a large study of preterm infants 86 born in the USA and Puerto Rico, Walker et al. (55) examined the medical records of 66,526 87 sodium and creatinine levels. Plasma creatinine and plasma sodium levels were recorded from 165 blood tests that were undertaken as part of the routine care of preterm neonates, and data 166 were extracted from the medical records. In term neonates, heel-prick blood samples were 167 obtained for analysis at the time of the routine newborn screening test (at approximately 48 168 hours of life). In cases where a blood test was not available in term infants on postnatal day 28 169 (Group D, n=11) , average levels of plasma sodium (140 mmol/L) and plasma creatinine (40 170 µmol/L) that are within the expected range for term infants were used in the calculation of C Cr 171 and FE Na . 172
Calculation of C Cr and FE Na 173
The estimation of glomerular filtration rate (GFR) using C Cr is generally considered to be a more 174 accurate measure of glomerular function than serum creatinine alone. Although it is to be 175 noted that the potential for active tubular secretion of creatinine, as well as differences in 176 muscle mass between neonates, may affect the accuracy of the results (46). 177 C Cr was calculated using the following formula: 178 Body surface area (BSA) was calculated using the following formula derived by Haycock et al. 182 (17) 
184
The fractional excretion of sodium (FE Na ) was calculated using the following formula: 185 FE Na (%) = (UNa / PNa) * (PCr / UCr) * 100 186
Where UNa = urinary sodium (mmol/L); PNa = plasma sodium (mmol/L); PCr = plasma 187 creatinine (µmol/L); UCr = urinary creatinine (µmol/L). 188
Urinary total protein, albumin and β2-microglobulin 189
Urine total protein (UTP), urinary albumin and urinary β2-microglobulin (β2-M) were measured 190 in spot urine samples using nephelometric technology on a Beckman immunochemistry system, 191 with reagents and calibrators supplied by Beckman Diagnostics (urine total protein and urine 192 albumin; Beckman Diagnostics; Sydney, Australia) and 193 DakoCytomation; Glostrup, Denmark). In instances where UTP was greater than 500 mg/L, this 194 was defined as pathological proteinuria and urinary albumin levels were not determined. All 195 urine protein levels were expressed as a ratio to urine creatinine concentrations. 196 It is to be noted that missing data exists for the urinary protein results due to difficulties in 197 obtaining clean spot urine samples from a number of the infants (urine collection bags could 198 not be placed on some extremely preterm neonates due to their delicate skin and/or parents 199 not providing consent). Overall, 46.2% of the total number of requested spot urine samples 200 were obtained. At least one spot urine sample was obtained for the majority of neonates: 201 Group A (91%), Group B (93%), Group C (87%), and Group D (27%). 202
Urinary NGAL 203
In a subset of the study participants (61.2%), pooled 24 hour urine samples from one or more 204 postnatal time points were analysed for urinary NGAL levels. Urinary NGAL analysis was 205 performed using a sandwich ELISA in microwells coated with a monoclonal antibody against 206 human NGAL (NGAL ELISA Kit, BioPorto Diagnostics A/S; Gentofte, Denmark); the upper limit of 207 the test was 500 ng/ml. In accordance with previous studies, urinary NGAL levels were 208 expressed as ng/ml, and were not corrected for urine creatinine concentrations (20, 23, 33) . 209
Impaired renal function 210
Impaired renal function (low urine output, low creatinine clearance, high serum creatinine, high 211 fractional excretion of sodium, high urine total protein and high urinary NGAL) was defined as 212 values that differed more than 2 standard deviations from the mean at any time point from 213 postnatal day 3 through to postnatal day 28. The mean and standard deviation was calculated 214 from either absolute values (SCr) or natural log (urine output, serum Cr, FE Na , UTP, NGAL) or 215 square-root (C Cr ) transformed values (transformations were performed in order to ensure the 216 normality of data), inclusive of all preterm neonates (Groups A, B and C). In order to assess the 217 relationship between the six measures of renal dysfunction and whether any preterm neonate 218 exhibited multiple measures of renal impairment, the total number of measures of renal 219 dysfunction for each neonate was also examined. 220
Statistical analysis 221
Statistical analyses were performed using GraphPad Prism v5.04 for Windows (CA, U.S.A.) and 222
Intercooled Stata v8.0 for Windows (TX, USA). Data are presented as the mean ± standard error 223 of the mean (SEM). Statistical significance was accepted at the level of p<0.05. 224
Birth characteristics (gestational age, birth weight, length, head circumference) were compared 225 among groups using a one-way analysis of variance (ANOVA), followed by a Bonferroni post-hoc 226 test. To determine differences in categorical variables among groups (such as sex, disease 227 outcomes, and medication administration), a Fisher's exact test was performed. 228
Urine output, C Cr and the FE Na in preterm neonates (Groups A, B and C) were analysed using a 229 two-way ANOVA with repeated measures in order to assess renal functional maturation with 230 increasing postnatal age. At postnatal day 3 and day 28, urine output, C Cr and the FE Na (in all 231 four groups) was analysed using a two-way ANOVA, followed by a Bonferroni post-hoc test to 232 determine differences between individual groups at each time point; this analysis enabled 233 comparison between preterm and term infants at the start-and end-points of the study. Urine 234 protein (UTP, albumin, and β2-M) to creatinine ratios and urine NGAL levels were also analysed 235 using a two-way ANOVA, followed by a Bonferroni post-hoc test. The factors assessed in all of 236 these analyses were gestational age (p GA ), postnatal age (p PA ) and their interaction (p GA x PA ). 237 Linear regression analyses (followed by an analysis of covariance (ANCOVA)) were used to 238 compare the rate of change in C Cr and FE Na from postnatal day 3 to day 28, and also to 239 determine whether urinary NGAL levels correlated with any other indices of renal function. 240
Additionally, urinary NGAL levels in neonates exhibiting pathological proteinuria (UTP ≥ 500 241 mg/L) were compared to age and sex-matched neonates (controls) with lower urine total 242 protein levels (UTP < 480 mg/L, and less than half of the UTP level of the matched neonate with 243 pathological proteinuria) at the corresponding postnatal time point. This analysis was 244 undertaken using a two-way ANOVA with the factors proteinuria (p P ), gestational age (p GA ) and 245 their interaction (p P x GA ). Additionally, in these two groups, urinary NGAL levels were assessed 246 at time points prior to (7 days prior if pathological proteinuria observed at day 14, 21 or 28; 3 247 days prior if observed at day 7), and at the time of proteinuria onset. This analysis was 248 undertaken using a two-way ANOVA with the factors proteinuria (p P ), time point of assessment 249 (p T ) and their interaction (p P x T ). 250
RESULTS 251
Pregnancy and neonatal birth characteristics 252
Reasons for preterm delivery included onset of spontaneous preterm labour (34.0%), 253 premature pre-labour rupture of membranes (30.1%), placenta praevia/abruption (15.5%) and 254 clinical indication due to maternal and/or fetal health risks such as preeclampsia and suspected 255 fetal compromise (20.4%). There were a significantly higher proportion of births attributed to 256 spontaneous preterm labour in Group A (extremely preterm) neonates compared to both 257 Group B and Group C neonates. The majority of preterm neonates (> 65%) were born via 258 caesarean delivery, compared to 27% among term infants (Table 1) . At least 70% of the 259 mothers of preterm neonates received antenatal steroids prior to delivery; 94% of those born 260 extremely preterm (Group A) received antenatal steroids. 261
Body weight, length and head circumference at birth all significantly increased along with 262 increasing gestational age (Table 1 ). There was no significant difference in the gender balance 263 between gestational age groups. Groups A and C had the greatest number of small-for-264 gestational age (SGA) neonates; there was a similar number of multiple births in each of the 265 preterm groups whereas all term-born neonates in Group D were singletons. Of the preterm 266 groups, there was no significant difference in birth weight between the singletons and multiples 267 (Group A: singleton 818.6 ± 36.8 g, multiple 790.9 ± 35.8 g; Group B: singleton 1429 ± 47.9 g, 268 multiple 1468 ± 65.0 g; Group C: singleton 1767 ± 111.4 g, multiple 1778 ± 93.4 g). The majority 269 of neonates that had a low Apgar score (≤7) at 5 minutes were in Group A (Table 1) . 270
Postnatal neonatal complications and medications administered 271
Since the majority of preterm neonates required mechanical ventilation after birth, respiratory 272 distress syndrome was very common in these groups ( Table 2 ). The occurrence of culture-273 positive sepsis and a patent ductus arteriosus was significantly greater in Group A compared to 274 those infants in older gestational age groups. Only neonates within Group A and Group B were 275 diagnosed with intraventricular haemorrhage. Among preterm neonates, the most commonly 276 administered medications were a routine regimen of antibiotics. The majority of neonates that 277 received additional antibiotics were in the extremely preterm group (Group A) . In general, the 278 administration of these drugs was significantly greater among neonates in Group A. Term 279 infants (Group D) did not receive any medications over the course of the study. 280
Renal function 281
Urine output 282
Neither gestational age at birth nor postnatal age affected urine output in preterm neonates 283 from postnatal days 3 to 7 ( Figure 1A ). On postnatal days 14 to 28, however, urine output was 284 significantly greater in neonates with increased gestational age at birth ( Figure 1B ). Urine 285 output was significantly lower in term neonates compared to preterm neonates at postnatal 286 day 3, however there was no difference between groups at postnatal day 28 ( Figure 1C ). 287
Oliguria (urine output < 1 ml/kg/h) was observed in 10 term infants (postnatal day 3) and 1 288 preterm neonate (postnatal day 5). 289
C Cr 290
During the first week and month of life, C Cr was positively associated with both gestational age 291 at birth and postnatal age ( Figure 1D and IE). Of the preterm neonates, Groups B and C had the 292 highest C Cr throughout the study period. On postnatal day 28, C cr levels were not significantly 293 different among the preterm groups, however, term neonates had significantly higher C cr 294 compared to preterm neonates ( Figure 1F ). Linear regression analyses showed that there was 295 no significant difference in the rate of change in C Cr from postnatal day 3 to postnatal day 28 296 among all groups of neonates (data not shown). 297
FE Na 298
The FE Na was inversely associated with gestational age at birth during the first week and month 299 of life ( Figures 1G and 1H) . The highest levels of sodium excretion were observed in Group A 300 throughout the study period. On postnatal day 3 ( Figure 1I ) FE Na was significantly lower in term 301
neonates (Group D) than all other groups. By postnatal day 28, however, there was no 302 significant difference in FE Na among groups. Linear regression analysis showed that the rate of 303 change of FE Na from postnatal day 3 to day 28 was significantly greater in Group B neonates 304 compared to Group D (p<0.0001), and was also significantly greater in Group A neonates 305 compared to all other groups (p≤0.02; data not shown). 306 UTP, albumin, and β2-M 307 UTP, albumin and β2-M levels in preterm neonates (corrected for urine creatinine) were all 308 inversely associated with gestational age at birth (Figure 2 ). There was no change in urine 309 protein levels with increasing postnatal age. There was wide intra-group variability in urine 310 protein levels; within Group A for example, UTP:Cr levels ranged from 92.2 mg/mmol to 759.3 311 mg/mmol at postnatal day 28 (Figure 2A ). In term infants UTP:Cr (mean: 219.3 ± 139.9 312 mg/mmol) and albumin:Cr (mean: 19.9 ± 9.1 mg/mmol) levels measured on postnatal day 3 313 were similar to the levels found among Group B neonates at postnatal day 7; β2-M:Cr levels 314 (mean: 0.8 ± 0.2 mg/mmol), however, were negligible. Pathological proteinuria (UTP ≥ 500 315 mg/L) was observed in 12 (9.3%) neonates, at one or more postnatal time points, with the 316 majority of these in Group A (7/12), followed by Group B (2/12), Group C (1/12) and Group D 317 (2/12). 318
Urinary NGAL 319
There was a significant effect of gestational age on urinary NGAL, with the lowest NGAL levels 320 observed at postnatal day 28 in Group D term neonates ( Figure 3A) . Nine preterm neonates 321 (7.0%) had levels of urinary NGAL > 390 ng/ml (> 2 SD from the mean) at one or more postnatal 322 time points with the majority (7/9) occurring on postnatal day 28. 323
There was a significant positive linear correlation between urinary NGAL levels and UTP:Cr 324 ( Figure 3B ), however, urinary NGAL levels were not correlated with serum creatinine, C Cr , FE Na , 325 urine albumin or β-2 microglobulin levels (data not shown). Urinary NGAL levels in the subset 326 of preterm neonates who exhibited pathological proteinuria (UTP ≥ 500 mg/L) were not 327 different to the NGAL levels of age and sex-matched controls with low protein excretion at 328 corresponding postnatal time points ( Figure 3C ). In these two groups, with the exception of a 329 few neonates, urinary NGAL levels were not predictive of proteinuria ( Figure 3D) ; urinary NGAL 330 levels were not significantly increased at the time points prior to, or at the onset of pathological 331 proteinuria). 332
Impaired Renal Function 333
Overall, approximately 14% of preterm neonates from each gestational age group were 334 classified as having low urine output ( Figure 4A ). Twenty-five percent of neonates in Group A, 335 9.5% in Group B, and 7.1% in Group C had high serum creatinine levels (> 100.6 µmol/L); only 336 one neonate (Group B), however, was categorised as having low CCr (Figures 4B and 4C) . High 337 FE Na were predominantly observed in Group A neonates, with 3 preterm neonates from Group 338 A and B exhibiting hyponatraemia (serum sodium levels < 130 mmol/L) during the study period 339 ( Figure 4D ). High UTP levels were only observed in Group B and Group C neonates, whereas 340 high urinary NGAL levels were observed in a small percentage of neonates in each gestational 341 age group (Figures 4E and 4F) . 342
The relationship between the six different measures of renal dysfunction (described in Figure  343 4), and whether any preterm neonates had multiple measures of renal impairment, was also 344 examined. Twelve (11.2%) preterm neonates had more than two measures of renal 345 impairment. As shown in Table 3 , the most common combination of renal dysfunction 346 measures exhibited during the first month of life was high serum creatinine and high fractional 347 excretion of sodium (observed in 7 of 12 neonates). 348
DISCUSSION 349
The findings of this study demonstrate that renal function in preterm neonates, during the first 350 month of life, is significantly affected by gestational age at birth and postnatal age. Together, 351 these results suggest that neonatal renal function is predominantly influenced by renal 352 structural maturity. By postnatal day 28, C Cr was significantly lower among preterm neonates 353 compared to term infants, however, differences in FE Na were not observed which is suggestive 354 of a high capacity for postnatal tubular maturation. Both urinary protein and NGAL levels were 355 inversely associated with gestational age at birth which suggests that they are markers of renal 356 immaturity. Of concern, pathological proteinuria was observed in 12 preterm neonates; among 357 those neonates, urinary NGAL levels were not elevated which has two potential implications: 1) 358 that the cause of the pathological proteinuria is not due to acute kidney injury (as NGAL has 359 previously been shown to be a marker of AKI) or 2) if the pathological proteinuria observed is 360 due to renal injury, urinary NGAL is not a useful marker or predictor of renal injury in this 361 population. The findings from this study provide normative values for a number of renal 362 functional parameters in preterm infants. The presence of renal dysfunction in a high 363 proportion of babies highlights the importance of conducting large-scale studies among 364 populations of preterm neonates and the close monitoring of renal function in preterm infants 365 in the neonatal intensive care unit (NICU). 366
Maturation of renal function in the early postnatal period 367
In this study, urine output was not significantly different during the first week of life among 368 preterm neonates. This finding was expected, as within the NICU fluid intake is strictly 369 maintained according to neonatal body weight, and from approximately postnatal day 4 urine 370 output is known to be predominantly influenced by fluid intake (26, 27) . From days 14-28, a 371 significantly higher urine output was observed among neonates born at older gestational ages, 372 which likely relates to the change in feeding regime. All term infants were exclusively breast-fed 373 in the first week after birth; hence their observed low urine output is likely due to low maternal 374 milk production within the first few days after birth. Since this was a non-invasive study, urine 375 output was estimated using nappy weights; it is important to note that this method has its 376 limitations since estimates based on averages had to be used in occasional instances of missed 377 voids and soiled nappies. The 24 hour urine collections conducted at home were also highly 378 reliant on the record-keeping of parents, and this non-invasive technique was therefore prone 379 to error. Furthermore, the number of infants assessed after postnatal day 7 was reduced due 380 to loss to follow-up; therefore the robustness of data was diminished for all analyses conducted 381 on postnatal days 14-28. Consistent with previous studies, as gestational age at birth and 382 postnatal age increased, C Cr increased (2, 5, 7-9, 12, 14, 21, 39, 47, 51, 56) and FE Na decreased 383 (2, 12, 13, 39, 47) . Although neonates born very or extremely preterm commence with a low 384 GFR and high FE Na , by postnatal day 28 both C Cr and FE Na were not significantly different 385 between the preterm gestational age groups which is suggestive of a high capacity for postnatal 386 glomerular and tubular maturation among those born very or extremely preterm. Interestingly, 387 the rate of change in C Cr over the first month of life was very similar between all groups of 388 neonates, and in contrast to previous studies (5, 14), a slower postnatal increase in C Cr in 389 preterm neonates compared to term infants was not observed. In extremely preterm neonates, 390 there was a significantly greater rate of change in FE Na from postnatal day 3 to day 28 compared 391 to all other groups suggestive of more accelerated tubular maturation. In support of this idea, 392 at postnatal day 28 C Cr remained significantly lower among preterm neonates compared to 393 term infants whereas there was no significant difference in FE Na . Overall, these results suggest 394 that renal functional capacity increases with renal structural maturity; potentially, through 395 increased filtration surface area (increased number of nephrons in those neonates with ongoing 396 postnatal nephrogenesis(48) and/or increased capillary growth) (31, 48), the maturation of 397 tubular cells (40) as well as the substantial changes in renal blood flow and renal vascular 398 resistance that occur after birth (54). 399
In accordance with previous studies (2, 3, 7, 10, 11, 52, 53), we observed that urine albumin, 400 β2-M and UTP levels were inversely associated with gestational age at birth. There was no 401 change, however, in urine protein levels with increasing postnatal age. Proteinuria in the 402 preterm neonate may reflect either structural immaturity or injury to the glomerular filtration 403 barrier (allowing for the passage of albumin into the filtrate), and/or impaired uptake of filtered 404 protein in the proximal tubule. Unlike the significant reduction in sodium excretion with 405 increasing maturity, the capacity for protein reabsorption remained low postnatally which 406 possibly reflects a much slower maturation of renal protein handling compared to sodium 407 handling. Alternatively, these findings may be indicative of glomerular or tubular injury in the 408 preterm neonate; proximal tubule cell injury (such as occurs following oxidative stress in the 409 preterm neonate (36)), and/or an overload of filtered protein are possible causes of impaired 410 tubular protein uptake. 411
Evidence of renal dysfunction in preterm neonates 412
In this study, renal impairment was defined as measures of renal function that were greater 413 than 2 standard deviations from the mean. There is a current lack of definition in the literature 414 as to what constitutes AKI in the preterm neonate; if the general definition of AKI commonly 415 used in adults (RIFLE criteria (4, 30)) was applied in the current study, only 1 preterm neonate 416 (and 10 term neonates presenting with oliguria) clearly met the criteria. Therefore, we adopted 417 a broader definition of dysfunction in the current study in order to give an indication as to the 418 percentage of infants with reduced renal functional capacity (glomerular and tubular), rather 419 than focus on the strict AKI criteria. 420
In the present study, 25% of neonates in Group A, and less than 10% in Groups B and C, 421 exhibited high serum creatinine levels (> 2 SD from the mean); there was just one preterm 422 neonate (Group B), however, that had low C Cr levels (from day 3-6 of life). A relatively high 423 percentage of preterm neonates, predominantly those born extremely preterm, were observed 424 to have a high percentage of sodium excretion; however, likely due to the administration of 425 sodium supplementation in this population, the majority of preterm neonates maintained 426 adequate levels of serum sodium. It may be speculated that the high sodium excretion in these 427 neonates represents either tubular immaturity or injury. Of the neonates that exhibited more 428 than one measure of renal dysfunction, the majority had both high FENa and high serum 429 creatinine. If tubular function is impaired, this may also have an impact on serum creatinine 430 levels as creatinine (besides predominantly being filtered by the glomeruli) is known to be 431 actively excreted by proximal tubular cells (25, 35) , and in the case of preterm neonates, may 432 also be reabsorbed by the immature tubules as has been observed in a neonatal animal model 433 (29). Serum creatinine levels are also influenced by extrarenal factors such as muscle mass, and 434 the intake of nitrogen, protein and creatinine (25, 35) which is increased with milk formula and 435 other parenteral nutrition preparations (37). Each of these factors may have influenced the 436 relatively high proportion of neonates who also exhibited high serum creatinine levels; in 437 contrast, only 1 preterm neonate was found to have low creatinine clearance. In general, 438 creatinine clearance is considered to be a more reliable indicator of glomerular filtration rate 439 than serum creatinine levels alone (46), especially given the large number of factors that may 440 influence the generation of creatinine as described above. Encouragingly, this finding may 441 indicate that the capacity for glomerular filtration in the preterm kidney in the early neonatal 442 period is quite adequate; however, tubular function is likely impaired. 443
Pathological proteinuria was observed among twelve neonates in this study (including two term 444 born infants) at one or more postnatal time points. In this regard, the only preterm neonate 445 with low C Cr also exhibited pathological proteinuria on postnatal days 14, 21 and 28. 446
Interestingly, the onset of severe proteinuria was often observed at a later stage (9/12 447 neonates exhibited pathological proteinuria after day 21), which suggests that factors in the 448 postnatal clinical course (rather than renal immaturity) may be the cause of the severe 449 proteinuria. In support of this idea, it was only neonates born at older gestational ages that 450 exhibited high UTP levels (> 2 SD from the mean). Exposure to nephrotoxic medications 451 (including NSAIDs and antibiotics) are known to impair nephrogenesis (42, 49) and cause renal 452 injury, such as podocyte foot process effacement (22). It is important to note that in regards to 453 all the maternal and fetal factors we examined (including medications) there was no direct 454 corollary with renal impairment; thus indicating that the renal dysfunction is likely to be multi-455 factorial in origin. Future studies in a larger cohort of neonates are required to identify 456 individual factors (such as exposure to medications and growth restriction) which may be 457 contributing to renal dysfunction following preterm birth. 458
Urinary NGAL as a marker of acute kidney injury? 459 NGAL is excreted by renal proximal tubule cells as a response to AKI (41); however, NGAL is 460 produced during nephrogenesis (16), and levels may also be raised in late-onset sepsis (34). 461
Although positive findings have been reported among older infants (57), the usefulness of 462 urinary NGAL as a marker of AKI in preterm neonates remains unclear (20, 23, 33, 34) . 463 Certainly, consistent with previous studies (20, 23) we found a significant inverse correlation 464 between urinary NGAL and gestational age at birth; these findings may relate to the immaturity 465 of the kidney, and the clinical instability of the younger neonates. Importantly, the results of 466 the current study demonstrated that urinary NGAL levels were not directly correlated with any 467 indicators of renal dysfunction, apart from UTP. Although the correlation between NGAL and 468 UTP was statistically significant, it is to be noted that the coefficient of determination was very 469 low. Furthermore, only two preterm neonates were observed to have concurrently high UTP 470 and NGAL levels; in general, neonates with pathological proteinuria did not exhibit high urinary 471 NGAL levels. There was also no association between NGAL levels at time points before or at the 472 time of proteinuria onset, suggesting that NGAL may not be predictive of renal injury and/or 473 proteinura. 474
Conclusions 475
The findings of this study demonstrate that renal maturity is an important determinant of 476 glomerular and tubular function among preterm neonates. Of particular concern, a number of 477 preterm neonates exhibited severe proteinuria; however, there was no correlation with urinary 478 NGAL levels. Given the immaturity of the preterm kidney it is important to determine what 479 levels of protein in the urine are normal, versus those that are pathological and thus indicative 480 of renal injury in preterm neonates. Furthermore, to identify specific factors in the postnatal 481 clinical care of the preterm neonate which may be leading to the high urinary protein excretion. 482
The results from this study have been important in working towards the development of a 483 normal range of urinary protein levels in preterm neonates, but our findings are limited by the 484 relatively small sample size and the large inter-and intra-group variability observed. The 485 consequences of proteinuria in the neonatal period are unknown; however, the potential for 486 progressive renal injury and long-term renal dysfunction suggest the need for regular 487 assessments of renal function in subjects that are born preterm. 
